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Abstract

Pyranometers are used to measure the global and diffuse components of solar irradiance. One of the methods
to calculate the unshade (global) responsivity of a pyranometer, is the standard shading method, described in
the Annual Book of ASTM Standards, section 14, volume 14.02. In this paper, the standard method is used to
calculate the shade (diffuse) responsivity of a pyranometer by accounting for the zenith and azimuth response
of the pyranometer. A discussion of the effect of pyranometer offset on the calculated responsivity is also
presented.
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1. Introduction

Pyranometers are used to measure the global and diffuse components of solar irradiance. Accurate and precise
measurement of the global or diffuse irradiance is dependant on the method of calculating the pyranometer's
unshade (global) or shade (diffuse) responsivity. One of the recognized methods to calculate the unshade
responsivity is the standard shading method, described in the Annual Book of ASTM Standards [1]. In this
paper, the diffuse responsivity of a pyranometer is calculated by using the shade/unshade timing and sky
conditions, described in the ASTM procedure, with an exception that the number of cycles of the
shade/unshade are reduced and the pyranometer is horizontally rotated, in 120° increments, to account for the
geometry and azimuth response of the pyranometer's sensor. A discussion of the pyranometer offset effect on
the calculated responsivity and uncertainty is presented. The results of a selected pyranometer are also
presented in a later chapter.

2. Scope

It is suggested that Kimball recommended the shade/unshade method in the early 1900s [2]. Until now, this
method has been used worldwide to calculate the responsivity of unshaded pyranometers using the following
procedure:

1. Shade the pyranometer under test (PUT), then record its output voltage (V,), in uV.

2. Unshade the PUT, then record the beam irradiance (B,), the solar zenith angle (8,), and the PUT’s
output voltage (V,), in W/m?, degrees, and uV, respectively.
3. Calculate the Responsivity (RS),
V-V
RS- —* | 2.1
B «COS(®)

The shade/unshade timing sequence, the instruments required, and the sky conditions are described in the
Annual Book of ASTM Standards[1]. The same procedure is adopted in this paper to calculate the shade
(diffuse) responsivity of a pyranometer.

3. Discussion

The diffuse responsivity, RS, , for a diffuse irradiance distribution, D(8, ¢), and pyranometer’s responsivity,
RS(0), is calculated using Equation 3.1 [2],

RS(0) « D(O, §) « Sin (20) . dO dp

o —~— ¥
© — v|n

D(0, §) « Sin (26) . dO dp

o —~— ¥
o — n|a



where, 0 and ¢ are the zenith and azimuth angles, respectively.

From many pyranometer calibrations, it has been proven that the responsivity of a pyranometer is a function of
0 and ¢ [3]. Thus Equation 3.1 is rewritten as,

f RS(0, §) « D(O, §) « Sin (20) . dO dp
RS,- - . 32

271
0

© — n|a

D(B, d) « Sin (20) . 6 d

o — n|a

where, RS(0, ¢) is determined by using the standard shading method, or any recognized calibration method.

From equation 3.2, one can notice that RS, will change in value with the change of the diffuse irradiance
distribution, D(0, ¢). Because the diffuse irradiance distribution is ever changing, depending on the sky
conditions and cloud distribution, it is difficult to calculate RS, , although its value will always lie between the
extreme values of RS(0, ¢).

Thus, for all sky conditions, RS, can be considered as,

RS . RS, (0, )+ RS (0, $)

, 33
4 2
and, its percentage uncertainty, U, , can be considered as,
RS (0,¢)-RS_ (O, « 100
0 s [RSeu®. ) RS (0. 90 100 y

2+RS,

where, RS, (0, ¢)and RS, (0, ¢) are the maximum and minimum responsivities of the pyranometer.

Yet, for the clear sky condition, where the diffuse distribution is approximately uniform, RS, will equal to the
responsivity at © equals approximately 45°. Thus for the clear sky condition, RS, is,

2n

RS,,=fRS(45°, $).dd, 3.5

A reasonable assumption is that RS, will equal to the responsivity in the range from RS(30°, ¢) to RS(60°,
). The zenith angle range from 30° to 60° is believed to account for the non-uniformity in the diffuse
distribution during any clear sky condition. From this assumption, RS, (0, ¢) and RS, (6, ¢) can be
calculated in the solar zenith angle range from 30° to 60° which will result in smaller uncertainty, using
Equation 3.4, than the all sky condition uncertainty. The uncertainty values of all sky conditions and the clear
sky condition are shown in Table 1 in the Results Chapter.



4. Calculating the Diffuse Responsivity

The first step in calculating the diffuse responsivity is to determine RS(0, ¢) for the PUT, using the standard
shading method or any recognized method. Then, for all sky conditions, RS, and U, can easily be calculated
using Equations 3.3 and 3.4.

For the clear sky condition, the ideal method to calculate RS, , using Equation 3.5, is to calculate all
responsivities, RS,;  , at small increments of ¢, from 0° to 360°. The ideal method requires many calibrations
outdoor under clear sky conditions, which is a difficult task for the majority of pyranometer users. A practical
method is to rotate the test pyranometer horizontal from its original position at 0° to 120° then 240°. The
original position, typically, is where the pyranometer’s signal connector is oriented towards the opposite side
of the equator (for example, it is oriented towards the north in the northern hemisphere). The responsivities for
the three positions, RS, , RS,,, , and RS,,, are then calculated. RS, , RS,,,, , and RS,,, can be calculated by
performing the procedure in three clear sky days at 0 equals 45° (= 0.5°), one day for each horizontal position,
0°, 120°, and 240°, or it can be accomplished, for the three horizontal positions, in one clear day at 0 equals
45° (£ 2°). The change of responsivity, within the = 0.5° or the & 2° zenith angle range, is then considered as
an uncertainty (U,,). This uncertainty is then added to the total uncertainty as described in the Uncertainty
Analysis Chapter.

The average of the three responsivities, RS, , RS,,, , and RS,,, is calculated. This is the diffuse responsivity
for this set. Then the procedure is repeated for several days to account for the spectral response and the sensor
geometry of the pyranometer, then the average of all the diffuse responsivities from all sets is considered the
diffuse responsivity, RS, , of the PUT.

The following procedure is a summary of calculating the diffuse responsivity for a solar pyranometer for clear
sky conditions using the one day technique. For the three days technique, the same procedure is used with the
exception that it is performed on one day for each horizontal position, 0°, 120°, and 240°.

4.1. Preliminary
1. Determine RS(0, ¢) for the PUT, using the standard shading method or any recognized method.

2. The procedure is performed under clear sky conditions, as described in the Annual Book of ASTM
Standards, section 14, volume 14.02. A pyrheliometer is used to measure the direct normal (beam)
solar irradiance. An absolute cavity radiometer with traceability to the world radiometric reference
(WRR) is recommended.

3. The PUT is installed outdoor, horizontally leveled using the spirit bubble level in the pyranometer
base, and the signal connector is oriented towards the opposite side of the equator. This is position 0°.
To allow the PUT to reach thermal equilibrium with the environment, it is installed, unshaded, 30-
minutes before starting the procedure. This is the preliminary soaking period, A [1].

4, Start the procedure after the A period and when 0 equals approximately 43°.
5. Figure 1 shows the shade/unshade timing sequence, where A is the unshaded preconditioning soak

period, B is equal to 20 to 30 times the PUT time constants, C is equal to 60 times the PUT time
constants, and M is a period of 30 seconds when the data is collected [1].
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Figure 1. Shade/Unshade timing.

4.2

Refer to

1.

Procedure
figure 1 for timing and nomenclature.

Shade the PUT for the period B, then unshade the PUT for a period C+M. This is the reconditioning
cycle.

Shade the PUT for a period B, then, during the period M, collect at least three instantaneous readings
of the output voltage of the PUT, in uV.

Record the calculated average of the output voltage, V| , .,

n Vo
174 0=2 s,l,O,x, 41

s, 1,
i-0 n

where:

1 refers to the shade/unshade cycle number 1

0 refers to the pyranometer horizontal position at 0°
i isthe i" reading

n is the number of instantaneous readings.

Unshade the PUT for the period C, then, during the period M, collect at least three instantaneous
readings of the output voltages of the PUT and the pyrheliometer. Using the pyrheliometer
instructions, calculate the beam irradiance from its output voltage, V,. Calculate the solar zenith angle
at each instantaneous reading, then, using Equation 4.1, calculate and record the calculated averages
of the output voltages of the PUT (V , ), the beam irradiances (B, , ,), and the solar zenith angles
(eu, 1 0)-




4.3.

Repeat steps 2 and 3 for the shade/unshade cycle number 2, and record V, , 4, V, , ., B, 24, and
eu, 2,0

After cycle number 2 is ended, rotate the pyranometer, horizontally, 120°, clockwise from the
previous position, and re-level it horizontally using the spirit bubble level.

Wait 3 minutes for thermal equilibrium, then repeat steps 1 through 5 for positions 120°, and 240°.
Calculation

Calculate the responsivity of the PUT at cycle number 1 and horizontal position 0° , RS, ,,

V. .-V
RSI . _ u,1,0 s, 1,0 , 4.2
"B, ,-COS®

u,

u,l,O)

Repeat step 1 to calculate the responsivity of the PUT at cycle number 2 and horizontal position
0°, RS, ,.

Calculate the responsivity at the horizontal position 0°, RS, ,
RS 10" RSz, 0

RS, -
0 2

4.3

Repeat steps 1 through 3 to calculate the responsivities RS,,, , and RS,,, at the horizontal positions
120°, and 240°, respectively.

Calculate the diffuse responsivity, RS, |,

RS - RS, + RS, + RS,

- 2, 4.4
dk 3

where, k is the k™ day, when RS, , RS,,, , RS,,, are calculated.

Repeat the procedure described in this chapter over a sufficient number of days throughout the year to
account for the change of responsivity with the solar azimuth angle (¢), then calculate the average of
all calculated diffuse responsivities. This will be the diffuse responsivity of the PUT (RS, ) for the
clear sky condition,

RS- =%, 4.5

where, z is the number of days when the procedure is performed.



7. Calculate the standard deviation of RS, , SD,

4.6

4.4, Pyranometer Offset Discussion on the Shade/Unshade Method

It has been observed that thermopile pyranometers measure offset radiation when there is no short-wave
radiation or at solar zenith angles greater than 90° (night-time offset)[4]. This offset radiation is thought to be
attributed to the long-wave radiation measured by the pyranometer and the thermal gradient between the hot
and reference junction of the pyranometer thermopile. The following discusses the effect of the offset on the
calculated diffuse responsivity of a pyranometer:

Accounting for the offset signals in Equation 4.2 will yield,

RS =(Vu,l,o_vu,l,o)_(Vv,l,O_vs,l,O) _ Vu,l,o_ Vs,l,o' Ay 47
b0 Bu, 1,0* COS(eu, 1,0 ) Bu, 10* COS(eu, 1,0)

and,

4.8

where:
- Vv, 1o is the offset output voltage, in pV, of the PUT during the unshade-period of cycle 1
- Vv, 1o is the offset output voltage, in uV, of the PUT during the shade-period of cycle 1

By using the shade/unshade soaking period and timing sequence, described in the Annual Book of ASTM
Standards[1], the pyranometer's thermodynamics during the unshade-period is believed to be the same during
the shade-period. From this assumption, the value of v, | , will approximately equal the value of v, | , which
will cause the term Av to be approximately zero. Yet Av can be estimated for different types of pyranometers.
The percentage uncertainty resulting from the pyranometer offset, U 4 , is calculated as,

Av 100
Upt——. 4.9

V. .-V

u,1,0 51,0

Table 1, in the Results Chapter, shows the magnitude of U, for EPLAB pyranometer model PSP, with the
assumption that Av is in the range from -20 pV to +20 uV.



5. Uncertainty Analysis
To calculate the total uncertainty of RS, , this procedure is used:

1. Calculate the total percentage uncertainty of the measuring process, U, ,

U,-£ (U, Up - U - U, (U, >

where:
- U,,, is the uncertainty of the pyrheliometer, in percentage
- Upyq is the uncertainty of the data acquisition system, in percentage
U, is the uncertainty of the solar zenith angle calculation, in percentage
- U,, is the uncertainty resulting from the change of responsivity during the procedure, in
percentage. From RS(0, ¢), determine RS_, (0, ¢) and RS,;(0, ¢) during the range of 0,
where the procedure is performed, then use the right hand side of Equation 3.4 to calculate

Uyp -

2. From RS(6, ¢), determine the extremes and use equation 3.4 to calculate U, . The extremes are
determined from the applicable range of 0. For measuring the diffuse under all sky conditions the
applicable range of 0 is from 0° to 90°. For measuring the diffuse under clear sky conditions, the
applicable range of 0 is from 30° to 60°.

3. Calculate the total uncertainty, Uy , of the diffuse responsivity of the PUT,

Uy =£/(U, Y+ (U, Y +(t+SDY , 5.3

where, t is Student's "t". t equals 12.706, 4.303, and 3.182 for sample sizes 2, 3, and 4, respectively,
and approximately 2 for sample sizes greater than 21 [5].



6. Results

A Ventilated PUT (serial numbers 20715F3), and an absolute cavity radiometer (serial number AHF31104)
were used. The PUT was ventilated to minimize the temperature gradient between the hot and reference
junction of its thermopile. The procedure was performed on 4/13/1999, 5/18/1999, and 5/19/1999. Table 1
shows that RS, is equal to 10.15 pV/W/m?, and U, equals + 6.42%, for all sky conditions, and RS, is equal
to 10.305 pV/W/m?, and U, equals + 2.52%, for the clear sky condition.

Table 1. Summary Results of PSP, Serial Number 20715F3

All Sky Conditions Clear Sky Condition
1. Responsivity
RS, o 10.376 uV/W/m?
RS.s 120 10.283 uV/W/m?
RS.s 240 10.257 uV/W/m?
RS, 10.15 uV/W/m? 10.305 pV/W/m?
2. Uncertainty
oyr + 0.40% + 0.40%
Upag @ +0.01% +0.01%
U, @ + 0.02% + 0.02%
U + 0.32% + 0.32%
Uy @ + 0.50%
U, +0.72%
u, @ +6.40% + 1.50%
t © 43
SD + 0.44%
Uy +6.42% *+2.52%

(1) from reference number 6, (2) from the data acquisition manual (Model hp34970A), (3) from reference number 7, (4) from reference number 3,

and (5) from reference number 5.



Conclusion

Performing this procedure in many days throughout the year will account for the spectral response
and sensor geometry of the PUT.

To measure the diffuse irradiance with the calculated uncertainties, the PUT must be corrected for its
offset. A method to correct for the pyranometer offset is described in reference number 8 in the

References Chapter.

From Table 1, one can notice that U, is the dominant value in the calculated total uncertainty. From
this, choosing pyranometers with radiometrically leveled sensors can achieve lower uncertainties.

The reported uncertainties in Table 1 are the uncertainties of the calculated diffuse responsivity. Other

uncertainties resulting from the pyranometer setup and data acquisition system used to collect the
diffuse data are added by the user.
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